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Abstract 

Cell transplantation is a promising experimental treatment for spinal cord injury. The aim of the present study was to evaluate 
the efficacy of mononuclear cells from human umbilical cord blood in promoting functional recovery when transplanted after a 
contusion spinal cord injury. Female Wistar rats (12 weeks old) were submitted to spinal injury with a MASCIS impactor and 
divided into 4 groups: control, surgical control, spinal cord injury, and one cell-treated lesion group. Mononuclear cells from 
umbilical cord blood of human male neonates were transplanted in two experiments: a) 1 h after surgery, into the injury site 
at a concentration of 5 x 10 6 cells diluted in 10 pL 0.9% NaCI (N = 8-10 per group); b) into the cisterna magna, 9 days after 
lesion at a concentration of 5 x 10 6 cells diluted in 150 pL 0.9% NaCI (N = 12-14 per group). The transplanted animals were 
immunosuppressed with cyclosporin-A (10 mg/kg per day). The BBB scale was used to evaluate motor behavior and the injury 
site was analyzed with immunofluorescent markers to label human transplanted cells, oligodendrocytes, neurons, and astro- 
cytes. Spinal cord injury rats had 25% loss of cord tissue and cell treatment did not affect lesion extension. Transplanted cells 
survived in the injured area for 6 weeks after the procedure and both transplanted groups showed better motor recovery than 
the untreated ones (P < 0.05). The transplantation of mononuclear cells from human umbilical cord blood promoted functional 
recovery with no evidence of cell differentiation. 
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Introduction 

Spinal cord injury affects mostly young and previously 
healthy subjects, resulting in temporary or permanent motor 
and sensory impairment and leading to chronic disability 
since there is no successful treatment for this condition (1 ,2). 
Forty new cases per million persons per year are estimated 
and the last census of the Brazilian Institute of Geography 
and Statistics reported about 200,000 paraplegics (3). 

After the initial compression trauma, the spinal cord suf- 
fers pathological changes involving two basic mechanisms: 
the primary events are hemorrhage, loss of microcircula- 
tion, vasospasm, and cell death occurring over a period 



of hours or days; most neuron and glia injury is complete 
within 24 h, resulting in an expanding concentric lesion. The 
endogenous secondary lesion is downstream of the initial 
acute biochemical changes in calcium metabolism, lipid 
peroxidation and inflammatory events; oligodendrocyte loss 
occurs for several weeks, with consequent degeneration 
of white matter tracts (4,5). 

The most common and most frequently employed 
animal model for spinal cord injury was created in 1992 
by Gruner et al. (6,7) with the contusion spinal lesion pro- 
duced by the Multicenter Animal Spinal Cord Injury Study 
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(MASCIS) impactor. According to McDonald and Howard 
(5), this method is particularly successful because of its 
high reproducibility. 

Since functional recovery in patients after spinal cord 
injury is limited (1 ,8), cell therapies have been considered 
as a treatment strategy (9,10); one possible approach to the 
repair of spinal injury is the use of stem cells (11 ). Human 
umbilical cord blood is a source of bone marrow stem cells 
due to its hematopoietic and mesenchymal components (12). 
Stem cells present in human umbilical cord blood have been 
used in transplantation for treatment of blood disorders, as 
well as in experimental regenerative medicine for treating 
neurological disorders (13,14). These cells are particularly 
interesting for transplantation because they are easy to 
obtain, to maintain and to expand under proper laboratory 
conditions (15). 

Stem cells from human umbilical cord blood have been 
transplanted 5 days after injury in rats receiving spinal cord 
injury and the cells reached the area of injury after intravenous 
administration and behavioral deficits were improved (15). 
Harris (13) transplanted cord blood cells 5 days after injury 
and observed that they had differentiated into neural cells, 
improving axonal regeneration and motor function. CD34+ 
cells from human umbilical cord blood were implanted into 
the tail vein of rats immediately after a contusion injury, caus- 
ing hindlimb functional recovery (16). In another report (17), 
rats with spinal lesions were treated with mononuclear cells 
from human umbilical cord blood 7 days after injury injected 
directly into the site of lesion. Transplanted animals had a 
significant functional improvement compared to control 6 
weeks after transplantation and implanted cells survived and 
differentiated into oligodendrocytes and neurons. 

The present study was designed to evaluate the effec- 
tiveness of mononuclear cells from human umbilical cord 
blood transplanted 1 h and 9 days after a contusion spinal 
cord injury in promoting recovery of functional deficits in 
adult Wistar rats. Our hypothesis was that transplantation 
of mononuclear cells would be able to promote motor deficit 
recovery and that injured rats transplanted 9 days after le- 
sion would improve more than rats receiving cells 1 h after 
injury, because the resolution of the inflammatory process 
after 9 days would favor survival of transplanted cells. Two 
routes of administration were tested to allow for possible 
future clinical application. 

Material and Methods 

Animals and spinal cord injury 

Adult female Wistar rats aged 3 months (N = 85, 200- 
250 g body weight) were obtained from the Central Animal 
House of the Institute of Basic Health Sciences, Universidade 
Federal do Rio Grande do Sul. They were maintained in a 
temperature-controlled room (21 ± 2°C) on a 12/12-h light/ 
dark cycle, with food and water available ad libitum. All pro- 
cedures were in accordance with the Guide for the Care and 



Use of Laboratory Animals adopted by the National Institute 
of Health (USA) and with the Federation of Brazilian Societ- 
ies for Experimental Biology (FESBE), and were approved 
by the University Research Ethics Committee, under No. 
2008037/2010 - CEP UFRGS. 

Rats suffered a moderate contusion spinal cord injury 
by the use of the MASCIS impactor (W.M. Keck Center for 
Collaborative Neuroscience, USA). Briefly, animals were 
anesthetized and laminectomy was performed at the T9 
level. A 1 0-g weight was dropped from a height of 25 mm to 
produce the injury. The rats were then sutured and housed 
in individual home cages. The animals became motionless 
on their hindlimbs after surgery, remaining in a condition of 
paraplegia (7). 

All animal care after spinal cord injury was provided in 
accordance with MASCIS protocols. An antibiotic (Baytril, 
Brazil) was administered up to 5 days post-injury to prevent 
urinary tract infection and rats were submitted to manual 
bladder expression twice a day during the first week or until 
they acquired voluntary control of this function (18). 

Transplantation of stem cells 

Mononuclear cells were obtained from human umbilical 
cord blood from male neonates. The cells were injected via 
two routes of administration at two distinct times: into the 
cisterna magna 9 days after injury and into the spinal cord 
1 h after injury; 5 x 10 6 mononuclear cells diluted in 150 ul_ 
0.9% NaCI were administered into the cisterna 9 days after 
injury and the same number of cells diluted in 10 uL 0.9% 
NaCI were applied directly to the lesion site 1 h after injury. 

Administration into the cisterna magna was as follows: 
the rat was placed prone on the stereotaxic instrument and 
the needle introduced between the occiput and high cervi- 
cal spinal cord (first cervical vertebra); a 1-mL syringe with 
a 0.33-mm gauge needle was used and the cell infusion 
was carried out slowly, taking approximately 30 s. Rats 
from the group receiving cells into the injury site were kept 
anesthetized for 1 h; a 1-mL syringe with a 0.33-mm gauge 
needle was used and the infusion time was of 30 s. Neither 
cell reflux nor complications because of the local infusion 
were observed. 

The fraction of mononuclear cells was obtained from 
term newborns after a 37-week gestation period and col- 
lected into blood bags containing citrate, phosphate and 
dextroseadenine (CPDA-1) anticoagulant. Mononuclear 
cells were isolated using density gradient centrifugation by 
Ficoll-Paque 1077 g/cm 2 (Amersham Pharmacia, USA) in 
Dulbecco's buffer (PBS, Gibco BRL, USA) used to dilute the 
blood (19), according to a previously established protocol 
(20). The procedure was approved by the Ethics Committee 
of Hospital Moinhos de Vento de Porto Alegre, under No. 
CEP/IEP-AHMV 2006/42, and samples were taken after 
mothers gave informed consent. 

Only the animals receiving cell transplantation were im- 
munosuppressed with cyclosporin-A treatment (1 0 mg/kg per 
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day) beginning the day before cell infusion and continued 
on 14 alternate days (21). 

Assessment of locomotor activity 

The functional deficits and functional recovery were 
evaluated in open-field locomotor activity using the Basso, 
Beatie, and Bresnahan scale (BBB) (22). Evaluations were 
performed 2 days before injury or laminectomy, 2 days after 
injury and weekly for 6 weeks after injury, for all experimental 
animals. Scale scoring was performed by videotaping the 
locomotor activity of animals in the open field. The records 
were observed and scores assigned by two evaluators blind 
to treatment status (22). Rats were evaluated 2 days after 
injury with the BBB scale and animals with spinal injury that 
did not present a paraplegia (zero score) and control animals 
that did not remain with normal locomotion (21 points) were 
excluded. 

The scale assesses hindlimb motor function with scores 
rang ing from 0 (complete paralysis) to 2 1 (normal locomotion ). 
Animals were also classified according to the stage of motor 
function recovery: a) early phase of recovery, when the score 
is 1 to 7 (a few hindlimb joint movements), b) intermediate 
phase of recovery, with scores of 8 to 13 (hindlimb weight 
support), and c) later phase of recovery, when average total 
score is 14 to 21 (trunk stability and coordinated gait) (22). 

Experimental design 

Animals were divided into four groups: control (animals 
not exposed to any surgical procedure or treatment), sur- 
gical control (animals subjected to laminectomy surgery 
without cord injury), spinal cord injury (animals submitted to 
laminectomy and spinal cord injury), and the lesion group 
treated with cells (animals with spinal cord lesion treated with 
mononuclear cells obtained from human umbilical cord). 

Two experiments were run: in the first (N = 35) animals 
received the cell suspension 1 h after injury directly into the 
injury site; in the second, cells were transplanted into the 
cisterna magna 9 days after injury (N = 50). For the first 
experiment, animals underwent laminectomy and lesion 
by the use of the MASCIS impactor; they were kept under 
anesthesia for another hour and then sutured and housed 
in individual cages following cell transplantation. 

Morphological analysis and immunofluorescence 

Aftercompleting behavioral assessment, i.e., 6weeks af- 
ter spinal cord injury or laminectomy surgery, rats were sacri- 
ficed for morphological analysis. They were anesthetized with 
30% chloral hydrate (1 0 mL/kg) and submitted to transcardiac 
perfusion with 0.9% saline followed by 4% formaldehyde. 
After this procedure, the spinal cord was removed from C5 
to L5 from the thoracic region and postfixed. The material 
was cryoprotected and frozen in isopentane cooled in liquid 
nitrogen until the completion of sectioning. For histological 
analysis, the thoracic region of the spinal cord was cut into 
30-um sections with a cryostat (Leica, Germany) operating 



at a temperature of -22°C. Sections were then stained with 
cresyl violet and analyzed under light microscopy to permit an 
estimate of the thoracic spinal cord area using the Image-Pro 
Plus software (USA), version 6.0. The Cavalieri method (the 
sum of coronal areas of the thoracic spinal cord multiplied by 
the distance between each section) was used to calculate the 
volume of thoracic spinal cord area. All areas are reported 
as mm 2 and volumes as mm 3 (23). 

Immunofluorescence analysis was performed on 50-um 
sections of representative areas of spinal cord injured tissue, 
by the method of Mestrineret al. (24). The following antibodies 
were used: a) anti-nucleus and mitotic cell antigen (NUMA) to 
label human cell nuclei (Millipore, USA; 1:50); b) glial fibrillary 
acidic protein (GFAP) to label astrocyte filaments (Sigma, 
USA; 1 :200); c) chondroitin sulfate proteoglycan (NG2) to 
identify oligodendrocyte precursors (1 :200, Millipore), and d) 
synaptophysin, a specific presynaptic marker for all neurons 
(1:200, Millipore) (24). 

A laser scanning confocal microscope (Olympus FV 
1000, Japan) was used for the visualization of fluorescent 
labeling. Images of the Z-axis of the spinal cord injury site for 
each antibody were randomly selected using the Fluoview 
FV 1000 software (Olympus). 

Statistical analysis 

Both BBB scores and injury volumes were evaluated by 
one-way analysis of variance (ANOVA) for parametric data 
followed by the Duncan post hoc test. Data are reported as 
means + standard deviation and probability values of less than 
5% were considered to be significant. All statistical analyses 
were performed using the Statistical software package run- 
ning on a compatible personal computer. 

Results 

Functional assessment 

Animals receiving mononuclear cells 1 h after injury 
by local administration in experiment 1 showed significant 
functional recovery from the second post-transplant week 
onwards compared to untreated animals (P< 0.05). Figure 1A 
reveals that control and sham groups differed from lesioned 
animals from day +2 and that at the end of the 6th week le- 
sioned rats showed a mean score of 1 3.3 ± 3.4 (intermediate 
stage of recovery; i.e., hindlimb weight support), although 
transplanted animals reached the late recovery phase (which 
means trunkstability and coordinated gait) already by 3 weeks 
after injury and ended with a score of 17.9 ± 2.9. This can 
be interpreted as an improvement in the recovery process 
after spinal cord injury when animals were treated while in 
the acute phase of injury (1 h after injury). 

In the second experiment, with mononuclear cells 
transplanted 9 days after injury (Figure 1B), all groups 
showed the top score on the scale on day -2, i.e., 2 days 
before the injury, showing no previous locomotion deficit. 
Two days after contusion, all injured animals, treated or 
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not, were completely paraplegic (no hindlimb movements). 
Figure 1 B shows that the lesioned rats differed significantly 
from both control groups from the 2nd day to 6 weeks after 
injury, which means that all animals subjected to the lesion 
procedure (spinal cord injury group) presented a significant 
change in walking performance. 

Lesioned rats exhibited a spontaneous recovery of 
hindlimb motor performance, reaching a score of 1 1 .6 ± 
3.3 by the end of 6 weeks, characterizing an intermedi- 
ate stage of recovery. Transplanted animals reached a 
score of 14.9 ± 2.8, which is considered a late stage of 
recovery. These animals showed better functional out- 



come when compared with untreated injured animals, 
with significant differences in the 5th and 6th weeks after 
injury (P < 0.05). 

Histological analysis and volume of the thoracic 
spinal cord 

Six weeks after injury, 5 animals per group per experi- 
ment were perfused and had their spinal cord removed for 
the estimate of thoracic spinal cord volume. Control groups 
(total and surgical treatment) presented a significantly differ- 
ent cord volume ((581 .14 ± 57.77 and 536.97 ± 65.91 mm 3 , 
respectively) compared to the lesion (435.85 ± 39.1 4 mm 3 ) 




******* 




Time (days) 

Figure 1. Basso, Beattie and Bresnahan (BBB) locomotor rating scale scores after treatment with mono- 
nuclear cells 1 h (Panel A) and 9 days (Panel B) after rat spinal cord injury. Data are reported as means ± 
SD for 8-14 rats in each group. BBB scale, scores range from 0 (complete paralysis) to 21 (normal gait). 
*P < 0.05 for the control and sham groups compared to the injured and treated groups. **P < 0.05 for the 
injured group compared to the treated group (ANOVA followed by the Mann-Whitney test). 
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and treated groups (432.85 ± 14.60 or453. 11 ±50.41 mm 3 ; 
P < 0.05). Rats receiving the impactor contusion showed a 
25% loss of cord tissue. 

The two groups (Figure 2) treated with mononuclear 
cells from human umbilical cord blood cells administered 
1 h (432.85 ±14.60 mm 3 ) or 9 days (453.11 ±50.41 mm 3 ) 
after lesion did not differ from the lesioned group (435.85 ± 
39.14 mm 3 ) regarding the volume of the thoracic spinal cord 
(P > 0.05), demonstrating that mononuclear cell treatment, 
either in the cisterna or directly into the lesion site, did not 
affect the extension of morphological injury. 



Immunofluorescence 

To assess the ability of transplanted human cells to sur- 
vive and migrate to the injury site after systemic administra- 
tion, as well as to survive and remain in the area after local 
administration, NUMAwas used to label the transplanted 
mononuclear cells. Image analysis by confocal microscopy 
showed that mononuclear cells, administered both into the 
cisterna magna (9 days) and directly into the lesion site (1 
h after the lesion), survived in the transplanted animals up 
to 6 weeks after transplantation (Figure 3). The images 
obtained in this study show that more cells were present 




Control 

Surgical control 



□ Spinal cord injury 

pj Spinal cord injury + 
stem cells 




■ Control 

■ Surgical control 
□ Spinal cord injury 

q Spinal cord injury + 
stem cells 



Figure 2. Volume of the thoracic spinal cord lesions of the group treated 1 h (Panel A) 
or 9 days [Panel B) after spinal cord injury. Data are reported as means ± SD for 5 rats 
in each group. *P < 0.05, difference between the control groups and the spinal cord 
injured group (Mann-Whitney test). # P < 0.05, difference between the control groups 
and treated group (Duncan test). 
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when injected locally at the 
injury site. 

Spinal cord sections dou- 
ble-labeled with GFAP and 
NUMA antibodies showed 
that mononuclear cells at the 
injury site seem to be very 
closely associated with GFAP- 
positive astrocytes, although 
co-localization was not ob- 
served (Figures 4C and 5C). 
Similarfindings could be seen 
with NG2-positive cells and 
synaptophysin-positive cells, 
suggesting that the trans- 
planted cells were present at 
the injury site, surrounded by 
host neurons and oligodendro- 
cytes, but no co-localization of 
the antibodies could be dem- 



(fit* • ' 




200|jm 



Figure 3. Identification of transplanted cells expressing human-specific anti-nucleus and mitotic 
cell antigen (NUMA). Mononuclear cells from human umbilical cord (arrowheads) present at the 
lesion site, at the T9 level, administered into the injury site 1 h (A) and into the cistern magna 9 
days (6) after the lesion. 



> 




Figure 4. Immunofluores- 
cence staining for anti- 
nucleus and mitotic cell 
antigen (NUMA) (A, D, G), 
glial fibrillary acidic protein 
(GFAP) (S), synaptophysin 
(E), and chondroitin sulfate 
proteoglycan (NG2) (H) 
in sections of spinal cord 
at the T9 level of animals 
transplanted with mononu- 
clear cells from umbilical 
cord blood 1 h after the 
lesion. Overlapping of the 
antibodies is represented 
as: C, NUMA (green) and 
GFAP (red); F, NUMA 
(green) and synaptophysin 
(red); /, NUMA (green) and 
chondroitin sulfate proteo- 
glycan (NG2) (red). Arrow- 
heads indicate: NUMA-pos- 
itive cells {A, D, G); positive 
cells when labeled with 
GFAP (B), synaptophysin 

(E) , and NG2 (H); double- 
labeling with NUMA and 
GFAP (C), synaptophysin 

(F) , and NG2 (/). 
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Figure 5. Immunofluores- 
cence staining for nucleus 
and mitotic cell antigen 
(NUMA) (A D, G), glial fibril- 
lary acidic protein (GFAP) 
(B), synaptophysin (E) and 
chondroitin sulfate proteo- 
glican (NG2) (H) in sections 
of spinal cord at the T9 level 
of animals transplanted with 
mononuclear cells from um- 
bilical cord blood 9 days af- 
ter the lesion. Overlapping 
of the antibodies is repre- 
sented as: C, NUMA (green) 
and GFAP (red); F, NUMA 
(green) and synaptophysin 
(red); /, NUMA (green) and 
NG2 (red). Arrowheads in- 
dicate: NUMA-positive cells 
(A, D, G); positive cells when 
labeled with GFAP (B), syn- 
aptophysin (E), and NG2 
(H); double-labeling with 
NUMA and GFAP (C), syn- 
aptophysin (F), and NG2 (/). 
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onstrated (Figures 4F,I and 5F,I). These findings suggest 
that, although the transplanted cells could be found at the 
injury site, even after 6 weeks of transplantation, they did 
not differentiate into glial nor neural cells. 

Discussion 

The present study demonstrated that treatment with 
mononuclearcells from human umbilical cord blood was able 
to promote functional recovery in rats subjected to spinal 
cord contusion when administered either into the cisterna 
magna or directly into the lesion site. Although both groups 
treated 1 h or 9 days after injury showed improvement of 
hindlimb motor function, coordination and gait, as mea- 
sured by voluntary movements in the open-field, the best 
performance was shown by the group treated in the acute 
phase whose improvement was already evident beginning 
the 2nd week after transplantation. Morphological analysis 
revealed a 25% loss of cord tissue volume in injured rats, 
irrespective of cell treatment, and immunofluorescence 



identified transplanted cells expressing the human-specific 
antibody (NUMA) at the injury site. 

Several previous studies have demonstrated functional 
improvement after experimental spinal cord injury. The 
transplantation of bone marrow stem cells (25,26) and of 
human mesenchymal stem cells (27,28) into the injured 
spinal cord produced a significant functional recovery on 
the BBB scale. 

Stem cells from human umbilical cord blood have also 
been described as a strategy of treatment when used in cell 
transplants to treat experimental spinal cord injury. Harris 
(13) transplanted stem cells from umbilical cord blood 5 
days after spinal cord injury and found significant functional 
improvement compared with untreated animals. Dasari et 
al. (17) subjected the animals to a contusion injury and 
treated them with mononuclear cells from human umbilical 
cord blood 7 days after injury, directly at the injury site. The 
transplanted rats showed a significant functional improve- 
ment 6 weeks after transplantation. 

Transplantation of mononuclear cells from human 
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umbilical cord blood at the injury site (local administration) 
immediately after injury (1 h) yielded better functional 
results in the treatment of experimental spinal cord injury. 
Osaka et al. (1 0) also showed that when the administration 
of stem cells was performed 6 h, 1, 3, 7, 14, 21, and 28 
days after injury, more significant functional results were 
obtained when the stem cells were administered 6 h, 1 and 
3 days after injury, or even within the period of acute injury. 
Nandoe Tewarie et al. (28) observed that the presence of 
transplanted cells was higher 1 5 min and 3 days after injury 
compared with other times of administration. 

In the present study, we observed that transplanted 
cells appeared to be present in greater amounts in animals 
receiving the infusion 1 h after lesion directly into the site 
of injury, compared to those that had cells administered 9 
days after lesion in the cisterna magna. Considering that 
Dasari et al. (17) treated rats with spinal cord injury with 
mononuclear cells from human umbilical cord blood directly 
into the site 7 days after lesion and also observed a signifi- 
cant functional recovery after transplantation, these results 
support the idea that local administration is the best route 
for cell survival in the lesion environment. 

Hematopoietic stem cells, such as those from the 
umbilical cord blood, secrete thrombopoietin and inter- 
leukin-11, cytokines that are essential for the survival 
and differentiation of neural progenitor cells (29). This 
may explain the greater functional recovery in animals 
treated with cells from human umbilical cord blood in this 
study, even though there was no differentiation of the 
transplanted cells, as revealed in Figures 4 and 5. Some 
investigators have shown that mononuclear cells form 
umbilical cord blood directly transplanted into the injury 
site after the lesion differentiated into oligodendrocytes 
(17). However, a study by Park et al. (30) showed that 
transplantation of stem cells caused functional improve- 



ment without differentiation into neurons or astrocytes, in 
agreement with our results. 

The expression of the GFAP marker suggests glial cell 
proliferation in response to spinal cord injury, since the 
formation of a glial scar around the lesion is characterized 
by proliferation and hypertrophy of local astrocytes. This 
astrocytic response starts immediately after injury and 
persists over time (1 ,8). 

The potential of stem cell therapy is not necessarily 
related to the replacement of lost neurons. The most likely 
explanation for the beneficial effect of stem cells could be 
that transplanted cells migrate to the lesion environment 
and deliver factors that either promote the regeneration of 
nervous tissue or activate compensatory mechanisms and 
endogenous stem cells within the host tissue (25). This may 
explain the fact that, even though the transplanted cells 
failed to differentiate, treated animals showed a significant 
functional improvement. Implanted mononuclear cells 
from the human umbilical cord blood may have favored 
the endogenous response to secondary injury, promoting 
regeneration, i.e., these cells exerted a paracrine effect. 
Thus, transplanted mononuclear cells might have influenced 
the lesion environment to provide growth factors and cues 
for proliferation of progenitor cells or endogenous stem 
cells (29,31 ), favoring the repairdue to neurotrophic factors 
released by transplanted cells (25,26). 
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